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The Pb2+ treatment of Photosystem II (PS II) membrane fragments, either intact or depleted in 17 and 23 kDa extrinsic polypeptides, inhibits 
PS II activity. When CaC1, was present in the assay, the Pbz+ inhibition was significantly reduced in both types of PS II membranes, suggesting 
a protective role of CaCI, against Pb2+ inhibition. However, in either case, the degree of PS II inhibition by Pbz+ was higher in the protein depleted 
than in intact PS II. It showed that the loss of endogenous Ca*+ induced by p 01 yp p e tide depletion causes the PS II to be more susceptible to Pbz+ 
The interaction of Pb2+ with CaCl, in protein-depleted PS II was competitive. Our results suggest that Pbz+ competes for binding to the CaZ+- 
and Cl- active sites in the water-splitting complex. Since Pb2+ inhibition of PS II activity cannot be reversed by CaCl, but can be reversed by 
diphenylcarbazide, we conclude that Pb2+ induced inhibition of PS II activity was mediated via the water-splitting system. 
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1. INTRODUCTION 
The toxic effect of Pb2+ on plants has been reported 
to cause an inhibition of photosynthetic electron 
transport in chloroplasts. The Photosystem II electron 
transport was found to be more affected by PbZf than 
Photosystem I. The inhibition by Pb2+ was indicated to 
be located at the water-splitting complex (WSC) [l]. It 
was previously found that Ca2+ prevented the similar 
inhibition by lanthanide ions in PS II. It appeared that 
lanthanide ions might interfere with the role of Ca2+ in 
WSC [2]. It was shown that the Ca2+- and the 
Cl--binding sites in the WSC were protected by a shield 
of 17 and 23 kDa extrinsic polypeptides [3]. 
fragments was done as in [6]. The PS II membrane fragments (2 mg 
Chl/ml), either protein depleted or intact, were stored in 20 mM Mes- 
NaOH (pH 6.3) buffer. 
Oxygen evolution was measured at 22°C with a Clark-type elec- 
trode in a medium containing 20 mM Mes-NaOH (pH 6.3) and 
0.5 mM DCBQ as PS II electron acceptor and 2Ogg Chl/ml. 
Photoreduction of DCIP by PS II membrane fragments was done 
in a medium containing 20 mM Mes-NaOH (pH 6.3), 30 pM DCIP 
and 6 /g Chl/ml [7]. 
Chlorophyll fluorescence induction of PS II membrane fragments 
was monitored following [8] in the same buffer medium (without 
DCIP) containing 5 pg Chl/ml. 
3. RESULTS AND DISCUSSION 
Since the inhibitory effect of Pb2+ is associated with 
the WSC [l], Pb2+ may interfere with Ca’+- or 
Cl--related functions. In the present study, we made an 
attempt to elucidate the relationship between Pb2+ in- 
hibition phenomenon and the PS II Ca2+ and Cl- 
dependency functions. 
2. MATERIALS AND METHODS 
PS II membrane fragments were isolated from spinach according 
to Berthold et al. [4] and with modifications as described previously 
[5]. The depletion of 17 and 23 kDa polypeptides from PS II 
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In PS II membrane fragments, either intact or 
depleted in 17 and 23 kDa extrinsic polypeptides, a 
strong inhibitory effect of Pb2+ on oxygen evolution 
was noticed when CaC12 was absent. The concentration 
of Pb2+ required to inhibit 50% of oxygen evolution 
was lower in protein-depleted than in intact PS II mem- 
branes. This showed that PS II was more sensitive to 
Pb2+ when extrinsic 17 and 23 kDa polypeptides were 
depleted from the WSC. In either case, when CaCI2 was 
absent, 0.2 mM Pb2+ was enough to completely inhibit 
the oxygen evolution. On the other hand, when CaC12 
(I 5 mM) was added along with Pb2+, the inhibitory ac- 
tion of Pb2+ on oxygen evolution was significantly 
reduced. This demonstrates that the presence of ex- 
ogenous CaC12 prevented the PS II inhibition by Pb”. 
However, in protein-depleted PS II, the preventive ef- 
fect of CaC12 against Pb2+ inhibition was smaller than 
in intact PS II (Fig. 1). The inhibition was confined to 
Pbzf, since similar effects were found when Pb(N03)2 
was substituted by PbClz (not shown). 
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Fig. 1. Inhibition of oxygen evolution (Hz0 --t DCBQ) by 
Pb(N0j)2 in the absence (81) and in the presence (0) of CaClz 
(15 mM). (A) Intact PS II. (B) NaCI-washed PS 11. Absolute values 
for oxygen evolution activity: (A) no addition 366 and +I5 mM 
CaClz 402 pmol OL/mg Chl/h; (B) no addition 107 and +15 mM 
CaClz 350pmol Oz/mg ChVh. 
The effect of CaClz concentration on PS II inhibi- 
tion by Pb2+ was examined. The protein-depleted PS II 
membranes treated with 0.1 mM Pb2+ (in absence of 
CaC12) retained only 4% oxygen evolving activity. 
When the concentration of CaClz was increased in the 
presence of 0.1 mM Pb2+, the PS II activity was pro- 
gressively restored and reached up to 70% at 15 mM 
CaCl2 (Fig. 2B). However, the PS II membranes 
depleted in two extrinsic polypeptides, not treated with 
Pb2+, still retained 29% of the oxygen evolving activi- 
ty. This activity can be restored up to 96% upon addi- 
tion of CaCl2 (15 mM). Similar properties of PS II 
depleted in 17 and 23 kDa polypeptides were also 
observed earlier [6,9]. On the other hand, the intact 
PS II membranes treated with 0.1 mM Pb2+, retained 
20% of the oxygen evolving activity. When CaC12 was 
added along with 0.1 mM Pbzf, up to 90% of the PS II 
activity was progressively restored. The observed 
stimulation of oxygen evolving activity (10%) by CaC12 
in intact PS II, not treated with Pb” was probably a 
recovery phenomenon, since the measuring medium 
was devoid of Cl- (Fig. 2A). These results confirm that 
CaC12 has a preventive action against Pb2+ inhibition in 
PS II. This preventive effect of CaCl2 was weaker in 
protein depleted than in intact PS II. Since we washed 
the PS I1 membrane fragments with NaCl (1.5 M) in 
order to deplete 17 and 23 kDa extrinsic polypeptides, 
a concomitant partial loss of endogenous Ca2+ was in- 
duced [lo]. Therefore, we suppose that the higher sen- 
sitivity of the protein depleted PS II to Pb*+ compared 
to the intact PS II, even in the presence of exogenous 
CaC12, is a consequence of the important loss of the en- 
dogenous Ca 2+ induced by polypeptide depletion. It 
CaCI~CONCENTRATION (mM) 
Fig. 2. Dependence of the oxygen evolution activity (Hz0 - 
DCBQ) to CaCll concentrations in the absence ( ) and in the 
presence (0) of Pb(NOi)z (0.1 mM). (A) Intact PS 11; (B) NaCI- 
washed PS II. For details see legend to Fig. I. 
seems that the loss of endogenous Ca2+ from the WSC 
cannot be fully compensated by the added Ca”. As 
CaCl2 can prevent Pb ‘+ inhibition in protein-depleted 
PS II, 17 and 23 kDa polypeptides are probably not 
directly involved in PbZf inhibition phenomena. Our 
results suggest that CaCl2 has an antagonistic effect 
against Pb 2+ inhibition in PS II. In protein-depleted 
PS II, when CaCl2 was progressively added in the 
presence of 0.1 mM Pb”, a competitive interaction 
between Pb2+ and CaCl2 was also demonstrated 
(Fig. 3). 
Aside from Ca” and Cl-, we have investigated the 
possible effects of other ions (Na+, Mn’+, MgZf, NO:, 
SO:) in preserving the PS II activity from Pb2+ inhibi- 
tion. We observed that no ions, other than Ca2+ and 
Cl-, were able to prevent Pb2+ inhibition in PS II. 
Both Ca2+ and Cl- could separately preserve the PS II 
activity from Pb2+ . Inhibition. However, a combination 
of the two ions (CaC12) produced a stronger protection 
against Pb2+ inhibition (Table 1). 
The variable fluorescence yield of the intact PS II 
membranes was highly quenched in the presence of 
0.1 mM Pb”. This quenching effect indicates that 
Pb2+ inhibition is associated with the oxygen-evolving 
complex [11,12]. When CaCl2 (15 mM) and Pb2+ 
(0.1 mM) were combined, the fluorescence yield was 
significantly preserved, indicating again that CaCl2 has 
a protective action against Pb2+ inhibition on PS II 
(Fig. 4). As the control sample was devoid of Cl-, addi- 
tion of CaCl2 increased the initial rise of variable 
fluorescence. Since DPC in the presence of Pb” 
restored either the yield of variable fluorescence by 
85% (Fig. 4) or the photoreduction of DCIP by 80% 
(result not shown), it appears that the principal in- 
hibitory site of Pb” is at WSC. 
182 
Volume 271, number 1,2 . FEBS LETTERS October 1990 
t I I I I I , I I I I’ 
00 0.2 0.4 0.6 0.8 I .o 
CoCI, CONCENTRATION ( m M-’ 1 
Fig. 3. Double reciprocal plot of the competitive interaction between 
Pb(NO,)z and CaClz in NaCl-washed PS II membranes. No addition 
(0) and presence of Pb(N03)2 (0.1 mM) (0). 
In the presence of 15 mM CaC12, the inhibitory ef- 
fect of PbZf on PS II was also noticed, since the 
variable fluorescence was quenched when Pb2+ concen- 
tration had exceeded 0.2 mM and reached a steady 
state level at 2 mM Pb2+. With the absence of CaCl2, 
0.1 mM Pb” was enough to quench the variable 
fluorescence to a steady state level. The Pb’+ inhibition 
of WSC did not significantly decrease the PS II 
photochemistry, since in the presence of 0.5 mM DPC, 
the variable fluorescence yield was preserved by 80% 
(Fig. 5). These results provide a strong evidence that 
Pb 2+ inhibitory site is located at WSC. The part of 
variable fluorescence which was not quenched by Pb2+ 
probably belonged to PS II not involved in the 
electron-transport phenomena [ 131. 
In the water-splitting complex, the inorganic cofac- 
tors, Ca2+ and Cl-, are associated with process of 
water oxidation [3]. Binding of these two ions in their 
respective sites is essential in order to maintain the 
structure, function and integrity of the WSC [ 141. Since 
our results show that Pb2+ inhibition of PS II activity 
can be prevented by the presence of CaC12, we interpret 
that Pb2+ competes for binding to the Ca2+ and Cl- ac- 
Table I 
Effects of additives on the PS II electron-transport activity (Hz0 -+ 
DCIP) in the intact PS II membranes in the absence and presence of 
Pb(NO& (0.2 mM) 
Additions DCIP photoreduction bmol/mg Chl/h) 
Without 
Pb(NQ& 
With 
Pb(NQ,)z 
Percentage 
of inhibition 
None 199 0 100 
CaClz 228 171 25 
CaWOh 190 120 37 
NaCl 215 150 30 
NaNO1 171 12 93 
MnC12 160 106 33 
MnS04 106 0 100 
MgClz 171 97 43 
Mg(NQ& 150 6 96 
1 11 r Pb;& “:’ Pb’N03’2 , , 1 
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TIME ($1 
Fig. 4. Fluorescence induction kinetics in intact PS II membranes. 
The concentration of additions: 0.1 mM Pb(NO,)x; 15 mM CaClz 
and 0.5 mM DPC. 
tive sites in the vicinity of WSC. This interpretation is 
supported by the observation of CaClz when added 
along with Pb2+ in protein-depleted PS II, a fairly 
competitive interaction between Pb2+ and CaC12 was 
obtained. In this reaction, Pb2+ may replace Ca2+ and 
Cl- from their native sites in WSC and consequently in- 
hibits oxygen evolution. However, the binding 
possibilities of Pb2+ become restricted when exogenous 
CaCl2 was added and this consequently resulted in 
CaC12 protection against PbZf inhibition. We observed 
that adding CaCl2 could not restore PS II activity 
which was previously inhibited by Pb2+. This suggests 
a stronger binding affinity of Pb2+ than Ca2+ and Cl- 
for the active sites in WSC. A similar effect was earlier 
seen in the study of lanthanide interaction with Ca2’ 
function in WSC [2]. It appears that the presence of 
Pb2+ may deplete the WSC from endogenous Ca2’ and 
Cl- through competitive binding interaction and a 
higher binding affinity. Our results show that CaC12 
failed to protect PS II from Pb2+ inhibition when Pb2+ 
concentration exceeded 2 mM. Therefore, it suggests 
that this type of inhibition may induce an irreversible 
modification of WSC. Since DPC can restore the ac- 
tivity, it indicates that Pb’+-induced irreversible 
I I I 
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Fig. 5. Quenching of variable fluorescence by Pb(N02)z in intact 
PS II membranes. No addition (0); CaCh (15 mM) (0); DPC 
(0.5 mM) (=). Additive concentrations: 15 mM 
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modification of WSC may be mediated via not only the 
loss of Ca2+ and Cl-, but also by the destruction of 
manganese active sites. This is consistent with previous 
reports showing that DPC is only an efficient electron 
donor to PS II when WSC is depleted in manganese 
[15-171. 
In conclusion, our results show that Pb2+ induced an 
inhibition on the oxidizing site of PS II located before 
the electron donation site of DPC. The competitive in- 
teraction of Pb2* with CaC12 is a supportive evidence 
that this inhibition is associated with the function of 
WSC, which is dependent on Ca2’ and Cl- role. 
Therefore, in WSC, Pb2+ competes for binding to 
Ca”- and Cl--active sites, induces a release of these 
cofactors and consequently inhibits the PS II activity. 
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